Huntington's disease (HD) is caused by expansion of a polyglutamine tract near the N-terminal of huntingtin. Mutant huntingtin forms aggregates in striatum and cortex, where extensive cell death occurs. We used a Drosophila polyglutamine peptide model to assess the role of specific cell death regulators in polyglutamine-induced cell death. Here, we report that polyglutamine-induced cell death was dramatically suppressed in flies lacking Dark, the fly homolog of human Apaf-1, a key regulator of apoptosis. Dark appeared to play a role in the accumulation of polyglutamine-containing aggregates. Suppression of cell death, caspase activation and aggregate formation were also observed when mutant huntingtin exon 1 was expressed in homozygous dark mutant animals. Expanded polyglutamine induced a marked increase in expression of Dark, and Dark was observed to colocalize with ubiquitinated protein aggregates. Apaf-1 also was found to colocalize with huntingtin-containing aggregates in a murine model and HD brain, suggesting a common role for Dark/ Apaf-1 in polyglutamine pathogenesis in invertebrates, mice and man. These findings suggest that limiting Apaf-1 activity may alleviate both pathological protein aggregation and neuronal cell death in HD.
INTRODUCTION
Huntington's disease (HD) is a fully penetrant autosomaldominant neurodegenerative disorder characterized by chorea, dementia and affective changes (1) . HD is caused by expansion of an unstable CAG tract within exon 1 of the huntingtin gene, resulting in expression of an expanded polyglutamine tract near the N-terminal of huntingtin (2, 3) .There are at least nine other neurodegenerative disorders associated with expansion of polyglutamine, including autosomal dominant spinocerebellar ataxias (SCA1, SCA2, Machado -Joseph disease/SCA3, SCA6, SCA7, SCA12 and SCA17), spinobulbar muscular atrophy and dentatorubral-pallidoluysian atrophy (4, 5) , suggesting that proteins containing expanded polyglutamine are cytotoxic. Post-mortem examination of HD brain shows neuronal loss in the striatum and cortex (6) , with cytoplasmic and nuclear protein aggregates containing N-terminal fragments of mutant huntingtin (7, 8) . Although molecular pathways leading to neuronal cell death in polyglutamine disease are yet to be completely elucidated, recent studies in HD brain and murine models have identified caspase-dependent proteolytic processes associated with the appearance of insoluble N-terminal huntingtin fragments, suggesting that activation of caspases plays a role in early phases of HD pathogenesis (9, 10) .
Activation of caspase-8, caspase-3 and caspase-6 is observed in HD striatum (9 -11) . In cell culture models, expression of polyglutamine-containing proteins affects expression, activation and activity of caspases (11 -23) . Caspase-2 immunoprecipitates with polyglutamine-expanded huntingtin in an apoptosome-like complex (9) . A number of reports have demonstrated that inhibition of caspase activity ameliorates polyglutamine-induced phenotypes in HD models. Expression of a dominant negative caspase-1 transgene reduces phenotypic severity and delays mortality in the R6/2 HD mouse (24) . Intrathecal infusion of a broad spectrum caspase inhibitor delays mortality in this model (25) . The antibiotic minocycline moderately inhibits mutant huntingtin-induced expression of caspase-1 and caspase-3, and delays mortality of the R6/2 mouse (24) . Expression of p35, a broad spectrum caspase inhibitor, does not attenuate neuronal degeneration in a fly model of HD (26) , and poorly suppresses an eye phenotype resulting from overexpression of an expanded polyglutamine-containing form of ataxin-3 (27) . Together, these reports demonstrate that constraints upon caspase activity effectively slow disease progression, although the effects described are generally mild. However, a direct effect of caspase inhibition on cell survival has not been demonstrated.
The accumulation of polyglutamine-containing cytoplasmic and nuclear protein aggregates is a pathological hallmark of HD. Although a large body of circumstantial evidence links cellular toxicity to polyglutamine aggregates, questions as to whether such aggregates are directly pathogenic or simply a byproduct of sick cells remain unsettled. A conditional HD mouse model has demonstrated that blocking expression of mutant huntingtin exon 1, resulting in clearance of aggregates, reverses neuropathology and motor dysfunction (28) . The molecular chaperones hsp70 and hsp40 decrease mutant huntingtin toxicity by suppressing the formation of insoluble polyglutamine-containing aggregates in vitro and in a yeast HD model (29 -31) . Several small molecule inhibitors and intracellular peptides that affect aggregate formation have been shown to reduce cell death induced by mutant huntingtin in both culture and animal models (32 -35) . Taken together, these observations support the contention that expanded polyglutamine aggregates are cytotoxic, and thus that prevention of aggregation is a valid therapeutic approach.
As several molecular components of programed cell death pathways are well defined and hence provide tractable therapeutic targets, we set out to assess their roles in polyglutamine-induced cell death. Here, we used a genetic approach to evaluate candidate modifiers in a fly model expressing an expanded polyglutamine peptide (36) and identified the Drosophila Apaf-1-related killer (dark ) (37) , a gene encoding the fly homolog of mammalian Apaf-1 and the Caenorhabditis elegans cell death pathway gene CED-4, as an essential effector required for polyglutamine-induced neurodegeneration and, interestingly, polyglutamine aggregation. Dark/Apaf-1 promotes caspase activation through the formation of a caspase complex, the apoptosome (38) . Mammalian Apaf-1 is thought to act as a molecular scaffold that links cellular stress via cytochrome c release from mitochondria to activation of caspase-9. A conformational change of Apaf-1 occurs when cytochrome c binds to the C-terminal WD40 repeats. This is followed by dATP/ATP binding, formation of Apaf-1 multimers and association of procaspase-9 to form the apoptosome. Mutations in dark have been identified previously as suppressors of misexpressed cell death genes (i.e. reaper, hid and grim ) in the retina (37, 39, 40) . We demonstrated that polyglutamine expression induced, caspase-3-like activity and this activation was suppressed by dark mutation. Dark participated in both developmental and adult-onset cell death induced by polyglutamine. Suppression of cell death, caspase activation and aggregate formation were also observed when expanded polyglutamine was expressed within the context of mutant huntingtin exon 1. Ultrastructural analysis suggested that Dark/Apaf-1 plays a role, directly or indirectly, in aggregate formation and toxicity, and is required for the 'dark cell death' previously described in HD models and human brain. Expanded polyglutamine and mutant huntingtin exon 1 were associated with increased Dark expression. Colocalization of Dark/Apaf-1 with protein aggregates was observed in the fly polyglutamine peptide model, the R6/2 mouse model and HD brain, suggesting a conserved phylogenetic role for Dark/Apaf-1 in polyglutamine pathogenesis. The robust suppression of polyglutamine toxicity by mutation of Dark/Apaf-1, as opposed to the mild or no effects of caspase inhibitors in fly and other models, argues that Apaf-1 plays a role in HD pathogenesis that may be, at least in part, caspase-independent.
RESULTS

Mutation of dark suppresses developmental polyglutamine-induced cell death
The GAL4/ UAS system (41) (Fig. 1A) was used to express a polypeptide containing 108 glutamines (MRSRKL-Q43-R-Q65-KLRS). Expression of UAS-Q108 in all cell types of the eye using the GMR-GAL4 transgene (hereafter referred to as GMR-GAL4:UAS-Q108) resulted in severe degeneration of the retina (Fig. 1D, E and H). The internal structure of the retina was completely disrupted, producing a marked reduction in the size and number of individual rhabdomeres, the organelles responsible for phototransduction within photoreceptor neurons ( Fig. 1E and arrow in H) . Examination of late pupal eye ultrastructure revealed 'dark' photoreceptor neurons containing abundant electron dense nuclear and cytoplasmic particles (Fig. 1H) . Such 'dark cell' changes have been described previously in fly and mouse models of HD, as well as HD brain (26, 42, 43) . In contrast, the GMR-GAL4:UAS-Q108 phenotype was dramatically suppressed in a genetic background containing the homozygous mutation dark CD4 , a strong hypomorphic allele (37) . Morphology of the GMR-GAL4:UAS-Q108 eye was essentially wild-type in a mutant dark background (dark CD4 /dark CD4 ) (Fig. 1F , G and I). The apparent relationship between 'dark cell death' and dark mutations is semantic and coincidental.
Detailed ultrastructural examination of the GMR-GAL4:UAS-Q108 retina revealed numerous abnormal condensed nuclei featuring condensed chromatin crescents (44) , a typical characteristic of apoptosis (Supplementary Material, Fig. S1A and B) . We also observed a large number of vacuoles in degenerated photoreceptors. In some cases, electron dense granules larger than normal ribosomes were observed dispersed throughout the cytoplasm and congregating around lipid droplet-like structures (Supplementary Material, Fig. S1C ). Electron dense endoplasmic reticulum (ER) and mitochondria exhibiting a darkened matrix were frequently identified in degenerating photoreceptor neurons (Supplementary Material, Fig. S1D and E). Numerous electron dense autophagosomes that appeared to have engulfed ER, nuclei and other subcellular organelles were also identified (Supplementary Material, Fig. S1F ), suggesting that autophagy is a component of the cell death associated with expanded polyglutamine, consistent with observations of other investigators (45, 46) . None of these structures were ever observed when GMR-GAL4:UAS-Q108 was expressed in a background homozygous for the mutant dark CD4 allele.
Electron micrographs revealed normal rhabdomeres and other cellular structures (Fig. 1I ).
We tested a number of other mutant dark alleles, including the null alleles dark 102 and dark 82 (47) . We also tested the parental P element line k11502, as well as dark DD1 , both weak hypomorphic alleles, for suppression (37) . Only strong hypomorphic or null alleles (dark CD4 , dark 102 and dark 82 ) rescued GMR-GAL4:UAS-Q108-induced degeneration in trans to dark CD4 (Supplementary Material, Fig. S2 ). These data argue that the observed suppression is not due to background mutations in the parental k11502 chromosome.
The Drosophila genome encodes seven caspases, including three likely apical caspases (Dredd, Dronc and Strica), as well as four effector caspases (Dcp-1, Drice, Decay and Damm) (48) . We evaluated a number of candidate regulators of programed cell death for their effects on degeneration, including GMR-GAL4-targeted expression of p35 (49) , and two dominant negative versions of the activator caspase Dronc, UASDronc C318A and UAS-Dronc CARD (50) . We also examined the effects of homozygous mutations in dredd (dredd D3 and dredd B118 ), a gene encoding a protein similar to caspase-8 (51, 52) . None of these genetic manipulations showed substantial rescue of the GMR-GAL4:UAS-Q108 phenotype.
Mutation in dark suppresses apoptosis and caspase activation
Cell death was examined in GMR-GAL4:UAS-Q108 eyes in controls and dark CD4 homozygous mutants (Fig. 2) . In third instar larval eye discs, just after GMR-GAL4:UAS-Q108 expression commenced, acridine orange staining (53) , an indicator of cell death, was identical in control and mutant backgrounds (data not shown). Staining in the GMR-GAL4:UAS-Q108 eye disc was elevated from 40% pupal development to the adult (compare Fig. 2B and with in E control Fig. 2A and D) ; this staining was strongly suppressed in animals homozygous for mutant dark (Fig. 2C and F) . Hence, polyglutamine-induced cell death occurs via a Darkdependent pathway.
Apaf-1 promotes caspase activation through the formation of apoptosome, a holoenzyme complex that accounts for the subsequent activation of caspase-3 and initiation of the execution phase of apoptosis. To directly examine caspase activity, we used a fluorigenic substrate to detect caspase 3-like activity in developing eyes in situ. At 60% pupal development, robust caspase-3-like activity was observed in GMR-GAL4:UAS-Q108 eyes (Fig. 2H) but not in controls (Fig. 2G) . Consistent with this finding, an antibody to activated Drice (54), a Drosophila caspase-3 homolog, showed robust staining in GMR-GAL4:UAS-Q108 eyes (compare Fig. 2K with control in Fig. 2J ). Caspase-3 activity and activated Drice were dramatically suppressed in dark homozygous mutant animals ( Fig. 2I and L) . Thus, Dark sits upstream of Drice, and mutation of dark prevents caspase-3 activation induced by polyglutamine. As mutants in Drice are not available, we were unable to determine whether caspase-3 activity is necessary for polyglutamine-induced cell death.
Given the dramatic effects of the dark mutation on cell death and caspase activation in the GMR-GAL4:UAS-Q108 eyes, we examined whether dark mutations might have similar effects in a more appropriate HD model that expresses polyglutamine within the context of human huntingtin. We examined TUNEL staining and activated Drice staining in adult retina expressing UAS-htt-exon1-Q93 under control of GMR-GAL4. In contrast to the dramatic rough eyes observed with UAS-Q108, the GMR-GAL4:UAS-htt-exon1-Q93 eyes were indistinguishable from GMR-GAL4 controls under the dissecting microscope (data not shown). Phalloidin staining of adult retina revealed that although remnants of ommatidial clusters were discernible, normal rhabdomere structures could not be identified in tangential optical sections (Fig. 2M ). Longitudinal sections, however, revealed severe thinning of the retina, with extensive TUNEL staining evident in newly eclosed flies (Fig. 2O) . In animals homozygous for mutant dark that expressed GMR-GAL4:UAS-httt-exon1-Q93, there was only mild rescue of the rhabdomere phenotype apparent in tangential sections (Fig. 2N) , whereas more substantial rescue was apparent in longitudinal sections, with preservation of retinal thickness and complete suppression of TUNEL staining (Fig. 2P) . We also examined activated Drice staining in tangential sections of whole mount retina. Extensive activated caspase staining was seen with GMR-GAL4:UAShtt-exon1-Q93 (Fig. 2Q) ; this was completely suppressed in homozygous dark CD4 mutant animals ( Fig. 2R ).
Dark inactivation suppresses formation and ubiquitination of polyglutamine aggregates
As aggregates of polyglutamine-containing proteins have been implicated in HD pathogenesis, we set out to assess the relationship between polyglutamine aggregates and Dark/ Apaf-1. The localization of Q108 at different developmental stages was examined using an antibody (htt17) that detects the N-terminal of the Q108 construct. Punctate cytoplasmic aggregates were observed in photoreceptor clusters in both wild-type and homozygous dark CD4 mutant eye discs isolated from developing third instar larvae expressing Q108 ( Fig. 3B and C) but not in controls lacking Q108 (Fig. 3A) . Shortly thereafter (at 10% pupal development), however, htt17 staining revealed numerous small cytoplasmic aggregates in all GMR-GAL4:UAS-Q108 photoreceptor neurons examined (arrowheads in Fig. 3E ). Htt17 immunoreactivity often colocalized with anti-ubiquitin staining (arrowheads in Fig. 3H ). Intranuclear ubiquitinated polyglutamine aggregates were identified in only a small number of photoreceptors (,5%), as evidenced by colocalization with the neuronal nuclear protein Elav (arrows in Fig. 3E , H, K and N). Condensed Elav staining was observed that likely represents pyknosis; in some instances this staining colocalized with nuclear Q108 (arrows in Fig. 3K and N). The control GMR-GAL4/þ eye did not show htt17 staining (Fig. 3D , G, J, M, and P).
The cellular localization of GMR-GAL4:UAS-Q108 was strikingly different in a homozygous dark CD4 mutant background. Large cytoplasmic or nuclear aggregates were not observed. A uniform pattern of nuclear Elav staining was observed ( Fig. 3L and O). More uniform cytoplasmic staining was seen using htt17, with negligible ubiquitin immunoreactivity (Fig. 3F, I , L and O). As GMR-GAL4:UAS-Q108 flies grew to a mid pupal stage, htt17 staining revealed the presence of accumulated cytoplasmic and perinuclear aggregates (arrowheads in Fig. 3Q ). Lamellated oval structures containing actin filaments, Q108 and ubiquitin were observed (arrows in Fig. 3Q ) (data not shown). These structures were not found in GMR-GAL4:UAS-Q108 eyes in a dark CD4 homozygous mutant background, where htt17 staining remained more diffuse (Fig. 3R ). These data suggest that Dark/Apaf-1 contributes, either directly or indirectly, to the growth of polyglutamine-containing aggregates.
Mutation of dark suppresses adult onset polyglutamine-induced neurodegeneration
Neurodegeneration in HD occurs in the context of normally developed post-mitotic neurons. In the Drosophila retina, developmental aberrations can induce secondary neuronal cell death (55) . Therefore, we set out to test whether Dark/Apaf-1 also exerts functions required for degeneration of adult neurons, perhaps more closely resembling that occurring in HD. We used a rhodopsin (Rh1)-GAL4 driver (56) to express Figure 2 . dark suppresses Q108 and mutant huntingtin exon1-induced cell death and caspase activation (A-F). Acridine orange staining of eyes at 60% (A-C) and 90% pupal development (D-F). (B and E) GMR-GAL4:UAS-Q108 eyes show widespread cell death during pupal development. Acridine orange staining of GMR-GAL4: UAS-Q108 in a homozygous mutant dark CD4 background (C and F), is indistinguishable from the GMR-GAL4 control (A and D). Staining at the periphery of the eye results from damage incurred during dissection. (G-I) Caspase-3-like activity is detected in situ using a fluorigenic substrate in GMR-GAL4:UASQ108 eyes at 60% pupal development (H), but not in a homozygous dark CD4 background (I) or in the GMR-GAL4 control (G). (J-L) Confocal images of 90% pupal eyes stained with phalloidin (red), anti-Drice Active (green) and anti-lamin Dm 0 (blue), which highlights the inner nuclear membrane. (K) Activated Drice is detected in degenerating GMR-GAL4:UAS-Q108 retina. (L) In a homozygous mutant dark CD4 background, GMR-GAL4:UAS-Q108 shows normal retinal morphology with no detectable activated Drice, similar to the GMR-GAL4 control (J). (M-P) TUNEL labeling of newly eclosed adults shows extensive cell death in GMR-GAL4:UAS-httQ93 retina (M, tangential view; O, longitudinal view; green, TUNEL, red phalloidin). TUNEL staining was not observed in retina expressing GMR-GAL4/UAS-httQ93 in a homozygous dark CD4 background, and longitudinal sections demonstrate dramatic rescue of retinal thickness (N, tangential view; P, longitudinal view). R indicates retinal layer in O, P. (Q and R) Activated Drice immunoreactivity is detected in GMR-GAL4:UAS-httQ93 eye (Q), but not in homozygous mutant dark CD4 background (R). Scale bar: 10 mm (J-L). Genotypes: (A, D, G, and J), w; þ; GMR-GAL4/þ. (B, E, H, and K), w; þ; GMR-GAL4/UAS-Q108-12. (C, F, I, and L), w; dark CD4 ; GMR-GAL4/UAS-Q108-12.: (M, O, and Q), w; þ; GMR-GAL4/UAS-htt-exon1-Q93. (N, P, and R), w; dark CD4 ; GMR-GAL4/UAS-htt-exon1-Q93.
UAS-Q108 in R1-R6 photoreceptor neurons commencing late in pupal development. No abnormalities were observed in adult Rh1-GAL4:UAS-Q108 eyes at 1 week post-eclosion (data not shown). By 2 weeks, however, degeneration was apparent in some photoreceptors. R1-R6 photoreceptor degeneration was progressive, appearing more severe at 4 weeks, by which time phalloidin staining detected loss of rhabdomeres in Rh1-GAL4: UAS-Q108 eyes (Fig. 4B) . Electron microscopy at this stage revealed collapsed rhabdomeres and extensive vacuolization in R1-R6 photoreceptor neurons. Many apoptotic features similar to those observed in GMR-GAL4:UAS-Q108 eyes, including condensed nuclei, electron dense cytoplasmic deposits and occasional 'dark' mitochondria and ER, were also detected (Fig. 4D) . Ultrastructural features of central R7 photoreceptors, which do not express Rh1 or Q108, were normal (arrow in Fig. 4D ). This observation argues for a cell autonomous mechanism of polyglutamine-induced cell death in this paradigm. By 8 weeks, massive R1-R6 photoreceptor degeneration was observed, whereas R7 cells remained intact (arrowheads in Fig. 4F ). In contrast, in a mutant dark CD4 background, the morphology of Rh1-GAL4:UAS-Q108 eyes at 4 weeks ( Fig. 4C ) was similar to wild-type (Fig. 4A ). Ultrastructural analysis of Rh1-GAL4:UAS-Q108 eyes in a mutant dark CD4 background at 4 weeks post-eclosion showed intact photoreceptor neurons without 'dark cell' features (Fig. 4E) . Remarkably, even at 8 weeks, no significant abnormalities were observed in the phalloidin staining pattern of Rh1-GAL4:UAS-Q108 eyes in a homozygous dark CD4 mutant background (Fig. 4G) . We quantified the number of normal ommatidia in flies expressing Rh1-GAL4:UAS-Q108 in the presence and absence of dark at three different ages (Fig. 4H) , demonstrating that adult onset, progressive neurodegeneration induced by Rh1-GAL4:UAS-Q108 was completely suppressed by a loss of function dark mutation. This profound suppressive effect of the dark mutation on Q108-induced cytotoxicity was not due to mutant dark induced changes in Rh1-dependent transcription (i.e. leading to a reduction in Q108 expression), as coexpression of an Rh1-GAL4-driven UAS-lacZ reporter was indistinguishable in wildtype and homozygous dark CD4 mutant eyes ( Supplementary  Material, Fig. S3 ). In GMR-GAL4:UAS-Q108 eye (E, H, K, and N), polyglutamine aggregates frequently colocalized with ubiquitin (arrowheads), and some show unusually condensed Elav staining (arrows). In a homozygous dark CD4 mutant background, the polyglutamine signal is more attenuated and dispersed (F), with barely detectable ubiquitin (I) and normal nuclear staining with anti-Elav (L). In the GMR-GAL4 control, normal Elav staining is observed with the absence of polyglutamine and ubiquitin signals (D, G, J, and M). (P-R) Late (60%) pupal eyes stained with phalloidin (red), anti-htt17 (green) and anti-lamin Dm 0 (blue). (Q) Disorganized ommatidial morphology with both cytoplasmic and perinuclear polyglutamine aggregates (arrowheads) and large actin-containing inclusions (arrows) are observed in eyes in which GMR-GAL4:UAS-Q108 is expressed. (R) A GMR-GAL4: UAS-Q108 eye in a mutant dark CD4 background shows largely normal ommatidial morphology with punctate cytoplasmic polyglutamine aggregates. These small polyglutamine aggregates are similar to those seen earlier in development (C). Relatively normal ommatidial morphology other than mild abnormalities of polarity are observed for the GMR-GAL4 control (P) Mutation in dark suppresses neurodegeneration associated with polyglutamine expressed within a variety of protein contexts Initially, we chose to assess effects of dark mutation on an extremely robust phenotype produced by expression of a polyglutamine peptide. In order to determine whether dark mutations also suppress neurodegeneration produced by polyglutamine within the context of disease-associated proteins, we set out to test Drosophila huntingtin exon 1 and full length ataxin-1 models. Similar to the approaches used to effect Q108 expression, UAS-huntingtin-exon1-Q93 (57) and UAS-ataxin-1-Q82 (58,59) transgenes were expressed using GMR-and Rh1-GAL4 drivers to generate early-and late-onset neurodegeneration, respectively. In the early-onset huntingtin model, expression of huntingtin-exon1-Q93 produced extensive :UAS-Q108 ommatidium shows electron dense, vacuolated R1 -R6 photoreceptors with degenerated rhabdomere profiles, whereas R7 cells are normal (arrow). (E) In a dark CD4 background, Rh1-GAL4:UAS-Q108 ommatidia show rhabdomeres arranged in a trapezoidal pattern with normal profiles. The electron dense bodies that contain pigment are normal structures (arrowhead). (F and G) Severe degeneration in animals aged 8 weeks post-eclosion is suppressed in a homozygous dark background. An 8 week-old eye stained with phalloidin (red). Rh1-GAL4:UAS-Q108 induces severe neurodegeneration in outer R cells, whereas R7 cells remain intact (F, arrowheads). In contrast, degeneration induced by Rh1-GAL4:UAS-Q108 is completely suppressed in homozygous dark CD4 mutant animals (G). (H) Quantification of the number of normal ommatidia (i.e. those having the correct number and relative positions of R1 -R7 cells) at weeks 1, 2 and 4 post-eclosion was carried out using phalloidin-stained preparations by confocal microscopy. For each genotype and time-point, at least 30 ommatidia were scored for each of 10-12 animals. Rh1-GAL4:UAS-Q108 (filled bar) induces progressive, age-dependent neurodegeneration, which is suppressed in a homozygous dark CD4 background (open bar). Standard deviations were too small to appear on this graph. Scale bars: 10 mm (A, B, C, F and G). disruption of retinal morphology, as well as abnormal TUNEL and activated Drice staining (Fig. 2M, O and Q) . When GMR-GAL4:UAS-htt-exon1-Q93 was expressed in a dark mutant background, TUNEL and Drice staining and the retinal degeneration phenotypes were improved (Fig. 2N, P and R) .
In the late-onset huntingtin model, we observed numerous cytoplasmic and perinuclear aggregates stained with an antihuntingtin antibody, EM48. This antibody preferentially recognizes mutant huntingtin-containing aggregates (60) . The accumulation of these aggregates preceded any apparent degeneration (Fig. 5A and B) . By 5 weeks post-eclosion, substantial retinal degeneration was observed; rhabdomeres were missing from the majority of ommatidia (Fig. 5C) . Conversely, in a mutant dark CD4 background, EM48 staining remained more diffuse, failing to produce large aggregates at the ages examined ( Fig. 5D and E) . Photoreceptor degeneration did not occur in the dark mutant background (Fig. 5F ). Immunoblots using EM48 demonstrated that expression of mutant huntingtin was not suppressed in a dark CD4 background (Supplementary Material, Fig. S4 ). UAS-ataxin-1-Q82 in trans to the strong GMR-GAL4 driver was semi-lethal at 238C, however, at 188C, a rough external phenotype was observed (Fig. 5G) , which was largely suppressed in a dark CD4 mutant background (Fig. 5H ). When Rh1-GAL4 was used to drive UAS-ataxin-1-Q82, no photoreceptor loss was observed up to 6 weeks post-eclosion.
Dark accumulates in ubiquitinated protein aggregates
Our immunohistochemical studies demonstrated that dark mutation not only suppressed Q108-induced cell death but also blocked formation of large polyglutamine aggregates. These observations lead us to speculate that Dark might play a role in the development of pathogenic aggregates. Previous efforts have identified caspase-3 and possibly caspase-9, two components associated with the apoptosome (61), in intracellular aggregates in HEK293 cells expressing polyglutamine (62) . We generated an antibody directed against Dark in order to study localization of the protein in the fly eye. Whole mount staining of GMR-GAL4:UAS-Q108 eyes showed that elevated levels of Dark protein colocalized with ubiquitinated aggregates (Fig. 6B) , whereas this staining pattern was not observed in control eyes (Fig. 6C ) or in GMR-GAL4:UAS-Q108 eyes stained with preimmune serum from animals prior to injection of the Dark peptide (Fig. 6A) . Similar results were also obtained using mutant huntingtin exon1, where robust Dark aggregates were detected in GMR-GAL4:UAS-htt-exon1-Q93 retina (Fig. 6D) , but not when this construct was expressed in a homozygous dark CD4 mutant background (Fig. 6E) .
Expanded polyglutamine enhances expression of Dark
Although Dark/Apaf-1 is required to activate the execution phase of certain caspase-dependent apoptotic pathways, its status under normal physiologic conditions has not been evaluated carefully. The observation that Dark immunoreactivity was increased in eyes expressing polyglutamine, but it was undetectable in wild-type controls, suggested that Dark may be induced or stabilized by polyglutamine expression.
To test this hypothesis, we used immunoblotting to compare Dark levels in control and Q108-expressing eyes. Dark protein was abundant in GMR-GAL4:UAS-Q108 eyes but undetectable in normal eyes or in a dark CD4 mutant background (compare lanes 1, 2, 3 in Fig. 7) . In a dark CD4 mutant background, the polyglutamine-induced increase in Dark protein was completely suppressed (lane 4 in Fig. 7) .
Apaf-1 colocalizes with huntingtin aggregates in HD mice and patients
We next asked whether mammalian Apaf-1 also is associated with huntingtin aggregates. Caudate sections of R6/2 mice, which express a polyglutamine-expanded huntingtin exon 1 construct (63), from animals aged 3 months were stained with EM48 and Apaf-1 antibodies. Confocal microscopy demonstrated large nuclear EM48-immunoreactive aggregates, as well as punctate cytoplasmic aggregates (upper panels in Fig. 8A ). Although Apaf-1 stained strongly in the cytoplasm, it also colocalized with nuclear EM48 signal in many cells (arrows in upper panels in Fig. 8A ; and enlarged inset). A total of 72% (102/141) of EM48-positive nuclei also contained Apaf-1 signal. In age-matched control brain sections, there was a low level of Apaf-1 staining in scattered cells; EM48 staining was not observed (lower panels in Fig. 8A ). We also observed Apaf-1 colocalized with aggregates as assessed using ubiquitin immunoreactivity in R6/2 brain sections (data not shown).
To investigate further the intriguing colocalization of Dark/Apaf-1 with polyglutamine aggregates in model systems, we tested whether Apaf-1 also is colocalized with huntingtin in HD patient brains. Caudate sections from three stage II HD brains (6) and three age-matched control brains were examined. EM48-immunoreactive huntingtin aggregates often colocalized with Apaf-1, as the merged image demonstrated (arrows in upper panels in Fig. 8B ). There was also dispersed Apaf-1 immunoreactivity in HD brain that did not colocalize with huntingtin. Control samples showed occasional huntingtin immunoreactivity and less intense Apaf-1 signal (lower panel in Fig. 8B ). The merged image did not show colocalization of huntingtin and Apaf-1. These convergent results from fly, mouse and man suggest that Dark/Apaf-1 may play a role in the formation of pathogenic polyglutamine-containing aggregates.
DISCUSSION
Proteins with abnormally expanded polyglutamine tracts have been linked to several neurodegenerative disorders, including HD. Here, we used a candidate-based genetic approach to evaluate potential modifiers and to define a role for Dark in polyglutamine-induced cell death. We demonstrated that a dark loss of function mutation strongly suppressed neurodegeneration, cell death and effector caspase activity in fly eyes expressing polyglutamine. In our experiments, we observed severe neurodegeneration with apoptotic and autophagic features, as well as the activation of caspase-3 and cell death in GMR-GAL4:UAS-Q108 eyes; these phenotypes were suppressed in a dark mutant background. We also used a lateonset model to demonstrate that mutation of dark can suppress progressive, age-dependent neurodegeneration. Moreover, the suppressive effect of dark was also observed in Drosophila huntingtin exon 1 and full length ataxin-1 models. Both early-and adult-onset neurodegeneration induced by a mutant huntingtin fragment were suppressed by mutation of dark. A developmental rough eye phenotype caused by expression of mutant full length ataxin-1 was also suppressed when dark was inactivated.
We also found that mutation of dark suppressed polyglutamine aggregate accumulation, ubiquitination and nuclear localization. We demonstrated that Dark/Apaf-1 colocalized with disease protein in mouse and fly models, as well as patient brain, using immunohistochemical approaches. Dark protein appeared to be induced and/or stabilized by Figure 5 . Mutation in dark suppresses mutant huntingtin exon1 and ataxin-1-induced neurodegeneration and aggregate formation. UAS-huntingtin-exon1-Q93 was expressed in R1-R6 photoreceptors under Rh1-GAL4 control (Rh1-GAL4:UAS-htt-Q93). Adult eyes were labeled with phalloidin (red), anti-huntingtin (EM48, green) and anti-Lamin Dm 0 (blue), and examined using confocal microscopy. (A-C) Rh1-GAL4:UAS-htt-Q93 eyes show normal rhabdomere organization in each ommatidium at 1 week. Nevertheless, many EM48-positive aggregates are detected (A, tangential view; B, longitudinal view). The degeneration of Rh1-GAL4:UAS-htt-Q93 eyes is progressive and can be detected at 3 week post-eclosion using phalloidin staining (data not shown). At 5 weeks, rhabdomere loss is apparent in most ommatidia, and the accumulation of EM48 immunoreactivity is evident (C; dashed circles show examples of ommatidia with degenerated rhabdomeres). Examination of Rh1-GAL4:UAS-htt-Q93 eyes at 1 week post-eclosion shows no obvious EM48-positive aggregates in a dark CD4 mutant background (D and E), and age-dependent retinal degeneration is also suppressed. (F) A 5 week Rh1-GAL4: UAS-htt-Q93 eye in a dark CD4 mutant background with normal morphology. (G and H) SEM images of GMR-GAL4:UAS-ataxin-1-Q82 eyes cultured at 188C in the absence (G) or presence (H) of the dark CD4 mutation show suppression of the rough eye phenotype by dark mutation. Scale bar: 100 mm. Genotypes: (A-C), w; þ; Rh1-GAL4, UAS-lacZ/UAS-httexon1-Q93. (D-F), w; dark
polyglutamine expression in vivo. Together, these data demonstrate that Dark/Apaf-1 plays a key role in polyglutamineinduced neurodegeneration.
The question as to whether polyglutamine aggregates play a pivotal role in the pathogenesis of polyglutamine disorders is still unsettled, although a large body of evidence suggests that such aggregates are directly cytotoxic. However, considerable evidence also suggests that formation of polyglutamine-containing aggregates may be unrelated to cytoxicity or even protective. Ferrante et al. (64) have demonstrated a dissociation between the presence of huntingtin aggregates and the selective pattern of striatal neurodegeneration observed in HD brain. Zoghbi et al. (65) showed that transgenic mice expressing polyglutamine-expanded ataxin-1 with deletion of a self-association domain developed ataxia and Purkinje cell pathology in the absence of nuclear aggregates. Moreover, this same group examined the effects of polyglutamine-expanded ataxin-1 in mice deficient for the ubiquitin ligase E6-AP (66) . Absence of the ubiquitin ligase delayed the appearance of nuclear aggregates but accelerated the development of ataxia and cerebellar neuropathology. Greenberg et al. (67) used a primary striatal culture model to show that interference with ubiquitin conjugation suppressed aggregation, but enhanced cytotoxicity of a mutant huntingtin fragment. More recently, Finkbeiner et al. (68) enlarged upon their earlier work by using real-time analysis of fluorescent aggregates in transfected striatal cultures to suggest that the presence of inclusion bodies correlated with improved survival. Although, none of these studies provide definitive resolution of the relationship between polyglutamine aggregation and toxicity, they do suggest a complex relationship between the two phenomena.
Here, we followed the development of polyglutamine aggregates in GMR-GAL4:UAS-Q108 eyes and evaluated aggregate formation in a dark mutant background. We observed, the evolution of polyglutamine staining from a punctate cytoplasmic pattern in young flies to large cytoplasmic and perinuclear aggregates in aged retina; some small fraction translocated into nuclei prior to the onset of degeneration and cell death. Conversely, Q108 expressed in a dark mutant background, in which polyglutamine staining remained cytoplasmic and more dispersed, never accumulated ubiquitin or gave rise to a neurodegenerative phenotype. Mutant huntingtin-containing aggregates also appeared prior to the onset of any detectable cell death in a late-onset paradigm, consistent with prior observations using a related lateonset fly model (26) . These data support previous observations that the amelioration of mutant huntingtin phenotypes by various inhibitors is accompanied by decreased aggregate formation (32 -35) . Recently, Wetzel and coworkers (69) used synthetic polyglutamine aggregates directly applied to PC12 cells to demonstrate that polyglutamine aggregates are cytotoxic. These authors also showed that peptides that inhibit polyglutamine fibril elongation could successfully suppress cytotoxicity. The data presented here support this conclusion and further suggest that Dark/Apaf-1 activity is a determinant of polyglutamine aggregate development and toxicity.
A simple means of evaluating a role of apoptotic pathways in Drosophila degenerative phenotypes is to express the broad spectrum caspase inhibitor p35 (49) . Early studies of polyglutamine-associated neurodegeneration in Drosophila found either no effect (26) or poor suppression (70) with p35. We found no effect of p35 coexpression on GMR-GAL4:UAS-Q108 (data not shown). Despite lack of efficacy of p35 for polyglutamine and huntingtin exon1 phenotypes in retina, mutation of dark reversed cell death and Drice activation in response to these constructs. How can these observations be reconciled? p35-insensitive caspases are thought to initiate cell death in insect Sf9 cells (71) . The initiator caspase Dronc, which shows some similarity to caspase-9 and might be expected to complex with Dark in a fly apoptosome, is insensitive to p35 (50, 72) , although conflicting results have been reported (48) . That dominant negative Dronc transgenes do not suppress the GMR-GAL4:UAS-Q108 phenotype may reflect a need for more pronounced inhibition than that achieved using a dominant negative transgene. Finally, it is not clear that Drice is p35-sensitive; indeed, there are indications that Drice may cleave and thus inactivate p35 (73, 74) . Faber et al. (75) have reported that mutant huntingtin-induced cell death and abnormal morphology are partially suppressed by mutations of CED-3, the worm caspase homolog. Moreover, CED-3 appears to play an important but non-essential role in the formation of polyglutamine aggregates. These results using a C. elegans model are similar to those reported here, although the suppression observed in the worm was less dramatic than that observed in the fly. The lack of caspase redundancy in C. elegans as opposed to Drosophila melanogaster may account for the suppression observed by CED-3 mutation as opposed to the negative results obtained here using p35 overexpression and manipulation of Dronc and Dredd. However, caspase-independent roles of CED-4/Dark have been described recently in both worm and fly (76, 77) . The data presented here provide a platform for further evaluation of the relationships between polyglutamine toxicity, Dark/Apaf-1 and caspases.
Dark/Apaf-1 colocalized with polyglutamine aggregates, raising the intriguing possibility that Apaf-1 plays a role in aggregate accumulation in HD brains. What is the connection between polyglutamine and Dark/Apaf1? A schematic depicting a proposed role of Dark/Apaf-1 in polyglutamine pathogenesis in the fly retina is shown in Figure 8C . According to this model, as a consequence of mutant huntingtin-induced transcriptional dysregulation, p53 is induced (78) . This in turn results in induction of Dark; Apaf-1 is a well-known transcriptional target of p53 (79) . Recent work has revealed a set of molecular interactions that may further link polyglutamine and Dark/Apaf-1. CED-4, the worm homolog of Dark, associates with C. elegans MAC-1 (80) , an AAA ATPase that is homologous to mammalian VCP. VCP binds to polyglutamine in vitro (81) , and loss of function of TER94, the fly homolog of VCP, suppresses polyglutamine-induced neurodegeneration in vivo (82) . It is intriguing to note that missense mutations in VCP have been associated recently with another dominant degenerative disease, inclusion body myopathy with Paget's disease of bone and frontotemporal dementia (83) . The molecular chaperone hsp70, which suppresses polyglutamineinduced cell death in flies (84) , may exert its effect by direct association with Apaf-1 to block apoptosis (85, 86) , or to block aggregate accumulation and thus suppress toxicity. These studies suggest that Dark/Apaf-1 occupies a crucial position in pathways leading to aggregation and toxicity associated with polyglutamine disease. Other identified modifiers, including VCP and chaperonins, may function by regulating the activity of Apaf-1 and formation of the apoptosome complex. Reducing dark activity effectively reverses polyglutamine pathogenesis in vivo from an early stage; polyglutamine expression continues, but cells are able to effectively cope with mutant protein without undergoing cell death. Our data cannot distinguish whether the observed suppression of aggregate formation observed with dark inactivation indicates a direct relationship between Dark and aggregation or whether inhibition of aggregation with dark inactivation occurs owing to a profound, but nonetheless unrelated, early suppression of cell death. Genetic epistasis experiments to address this question are underway. Nonetheless, our findings suggest Apaf-1 might effectively be targeted as an early preventive or disease-modifying therapy for HD, and such efforts may be expected to have effects on both pathologic protein aggregation and cell death, two crucial aspects of neurodegenerative disease that are reiterated in Drosophila retinal models.
MATERIALS AND METHODS
Drosophila genetics
Standard genetic markers and chromosomes were used as described (87) . All experiments were carried out at room temperature unless otherwise noted. For analysis of dark and dredd loss of function mutations, a strong third chromosome UAS-Q108 transgenic line was placed in trans to GMR-GAL4 (88) . Although many GMR-GAL4 inserts have markedly abnormal rough eye phenotypes (89) in the absence of a UAS target gene, the phenotypes associated with the GMR-GAL4 used in these studies were weak. p35 and dominant negative Dronc constructs were tested for their ability to rescue a phenotype induced by a Q108 insertion in the second chromosome. Transgene expression in the presence of dark mutations was performed by crossing stocks maintained over the attached double balancer T (2;3) SM6, TM6B. Use of the joined double balancer permitted unequivocal identification of genotypes in larvae and pupae. The null dark alleles were obtained by imprecise excision of the dark CD4 line (47) . A similar scheme was used for adult-onset expression, except that Rh1-GAL4, UAS-lacZ chromosome was used rather than GMR-GAL4.
Electron microscopy
Analysis of adult eye phenotypes by scanning electron microscopy was carried out as described previously (90) , except that (with the exception of experiments using ataxin-1) fresh anesthetized rather than dehydrated specimens were used. Flies were prepared for transmission electron microscopy as described previously (91) . Samples were observed using a JEOL JEM-100 CX II electron microscope.
Immunohistochemistry
The affinity-purified rabbit polyclonal antibody directed against a peptide corresponding to the N-terminal 17 amino acids of human huntingtin was generated commercially (Bethyl Laboratories) and used at 1 : 100 for immunohistochemistry. This antibody was found to react with the Q108 peptide in immunohistochemistry. The rabbit Dark antiserum, raised against a peptide (QLEREQKRRRSRRH) corresponding to Dark residues 1267-1280, was generated by Alpha Diagnostics. Whole mount staining of larval and pupal eye discs and adult retinas was carried out as described previously (26, 90, 91) . Samples were analyzed on a Bio-Rad confocal microscope. For acridine orange and caspase-3 activity assays, larval and pupal eye discs were dissected without fixation. In situ caspase-3 activity was determined using PhiPhiLux reagent (Oncoimmunin), according to a modification of a previous application to the eye disc (92) . Acridine orange and phalloidin-TRITC were obtained from Sigma. Alexifluor 647-conjugated phalloidin was from Molecular Probes. Primary antibodies were anti-ubiquitin (1:100, Zymed), mouse EM48 (1:50, Chemicon), rat anti-Elav (1:100), rabbit polyclonal or mouse anti-lamin Dm 0 (1:200), rabbit anti-activated Drice (1:50) and anti-Apaf-1 (Stressgen; 1:100). Secondary fluorochrome-conjugated antibodies included FITC, TRITC and Cy3 (1:100, Jackson Immunoresearch). TUNEL staining was carried out using the In Situ Cell Death Detection Kit (fluorescein) according to the manufacturer's instructions (Roche).
R6/2 mice that express exon 1 of human huntingtin-containing 115-150 CAG repeats (64) were obtained from Jackson Laboratories. Immunohistochemical evaluation was carried out on cryostat sections of R6/2 and control striatum aged 3 months. Human brain samples from three neuropathological grade II (6) HD patients and three age-matched controls were obtained from the Harvard Brain Tissue Resource Center. Two grade III brain samples were also used. Caudate/putamen and cortical regions were examined. Brains were collected by the brain bank 9 -16 h post-mortem from neurologically characterized cases and embedded in paraffin.
Quantitation of cell death in adult retina
Photoreceptor loss in adults expressing Rh1-GAL4:UAS-Q108 was quantified by loss of rhabdomeres staining with phalloidin-Alexifluor 647 in whole mount retinas. For each genotype and time-point, at least 30 ommatidia were scored for each of 10-12 animals.
Immunoblotting
For immunoblot analysis of Dark protein, extracts from heads of the following genotypes: (1) Canton S (wild-type), (2) yw; dark CD4 , (3) w; þ; GMR-GAL4/UAS-Q108 and (4) w; dark CD4 ; GMR-GAL4/UAS-Q108 were obtained and resolved by 7.5% SDS -PAGE. For lacZ immunoblotting, protein extraction was performed from Drosophila retinas of the following genotypes: (1) w; þ; Rh1-GAL4, UAS-lacZ/UAS-Q108 and (2) w; dark; Rh1-GAL4, UAS-lacZ/UAS-Q108. Retinas were dissected out and resolved by 12% SDS -PAGE. For EM48 immunoblotting, extracts from heads of the following genotypes were analyzed using a 5 -20% gradient gel: (1) Canton S, (2) w; þ; Rh1-GAL4, UAS-lacZ/UAShuntingtin-Q93 and (3) w; dark CD4 ; Rh1-GAL4, UAS-lacZ/ UAS-huntingtin-Q93. Immunoblots were developed with peroxidase-conjugated secondary antibody and enhanced chemiluminescence. Antibody dilutions were as follows: mouse anti-b-galactosidase (Roche; 1: 1000), rabbit anti-Dark (1 : 3000), mouse anti-EM48 (Chemicon; 1: 2000) and mouse anti-b-tubulin (Accurate Science; 1: 1000).
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG Online.
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